Introduction
Transient-states during continuous casting of steel include cast start, cast end, steel grade change, regular casting speed change, and cast fluctuations induced by certain reasons such as nozzle clogging. These stages may cause the variation in fluid flow, temperature, and steel composition. Such variations can result in defects, poor quality, and even breakout. Several studies have addressed transient phenomena during continuous casting. A study by Zhang et al. 1) described the influence of casting variation on nonmetallic inclusions in interstitial free steel slabs, indicating that more inclusions entrapped during periods of casting speed variation. Liu et al. 2) reported that the cleanliness of steel remains constant during steady state over multiple sequences based on the same operation parameters, whereas changes significantly during the transient stages, as shown in Fig. 1 . Recently, Wang et al. 3) found that the amount of total oxygen is much larger during casting variation than during steady casting. The quality of steel at these stages is consistently poor so that the steel must be downgraded or rejected.
To save the steel and lower costs, it is necessary to control the steel cleanliness at the transient stages. Chakrabarty and Sahai 4) described transient phenomena in a continuous casting tundish during ladle changing operations. Huang and Thomas 5) studied the transition process during steel grade change, and they provide a model to predict the intermixed time and the length of a strand. Zhang 6) simulated transient fluid flow phenomena in a continuous casting tundish and highlighted fluid flow, heat transfer, and inclusion motion in a two-strand continuous casting tundish during a transient state. The study of Zhang included cast start, sudden cast stop, ladle change, and the sudden closing of one strand and found that when fluctuation occurs, significant time is required for the temperature in the tundish to reach stable state. However, to the best knowledge of the authors of this paper, the feature of fluid flow at the cast start has been received relatively little attention. The process of cast start includes filling process and the moving of a dummy bar. The dummy bar is inserted into the mold before casting to prevent the melt from moving out directly. The dummy bar is continuously dragged out with a low speed when the melt level inside the mold arrives at the working level, as shown in Fig. 2 . If the caster runs smoothly and the melt level has minimum fluctuation, the casting speed generally increases to a target speed.
In the present study, a three-dimensional numerical model was built to study the transient fluid flow phenomena during the cast start. September 2, 2010 ) This work presents a three-dimensional numerical simulation of transient fluid flow phenomena during continuous casting of steel. In the Part I, the process of cast start was investigated. Cast start involved the filling process and the caster start process. In the filling process, molten steel was continuously filled into the mold cavity with surrounding mold walls and a dummy bar head at the bottom. To simulate the interface between the molten steel and the air, an algorithm of volume of fluid has been employed. In the cast start process, the dummy bar was gradually dragged out with a low casting speed. The movement of dummy bar was represented using dynamic mesh, and the moving speed of the boundary was controlled by a subroutine. The shape of the air/steel surface was tracked over the time, and the speed variation at a series of points close to the surface was monitored to reflect the fluctuation at top surface during cast start. 2) been employed to simulate the interface between air and molten steel and the dynamic mesh was used to represent the moving of the dummy bar. The shape of the interface and the speed variation at a series of points below the surface were monitored to study the fluctuation at top surface during cast start.
Methodology and Boundary Conditions
This study focused on a slab caster mold with a 1 300 mm width, a 250 mm thickness and a 800 mm working length. The port angle of the submerged entry nozzle was 15°downward. To simulate the cast start process, a threedimensional unsteady turbulent fluid flow in the continuous casting was modeled by calculating the continuity equation and Navier-Stokes equations using standard k-e equations.
Equation ....... (5) With the k-e equations, the turbulent viscosity is given by 7, 8) . A volume of fluid multiphase model was employed to track the free surface moving through the computational grid by simultaneously solving other parameters, the volume fluid per unit volume, f i . It requires the converging of an additional conservation equation (Eq. (7)). 9) To predict the actual interface shape, the geometric reconstruction method was applied. 10) ........................ (7) The relationship between the moving speed of the dummy bar and the time was assumed to be linear. During the calculation, layers were added to cells adjacent to a moving boundary based on the height of the layer that is close to the moving surface. As shown in Fig. 3 , 10) a layer of cells adjacent to the moving boundary (layer j) was split with the layer of cells next to it based on the critical height (8) where h min is the minimum cell height of the cell layer j, h ideal is the ideal cell height, and a S is the layer split factor.
A subroutine was applied to define the moving speed of the dummy bar. In the program, the moving dummy bar was represented by a layer of cells at the bottom of the calculation domain. The height of the cell kept growing. The growth rate of the cell was set up at 0.01 m/s. The split of the cell followed the rule in Eq. (8) . Once the cell was split, the height of old cell was fixed, and the height of new cell continuously increased.
At the beginning of casting, the dummy bar head inserted into the mold was assumed to be a moving wall in the model. During the filling process, this wall was 600 mm below the top surface, as shown in Fig. 4 . The position of the wall was fixed until the molten steel inside the mold reached the working level. The filling velocity of steel can be calculated by 11) .................... (9) where b is a constant, equal to 1 for turbulent flow and 0.5 for laminar flow, e f is the friction loss factor, equals 0.5 for the current case, h is the bath depth in the tundish in meters. According to the calculation, the filling velocity of molten steel is as large as 2.69 m/s, if the slide gate is fully open. In the current study, the filling velocity was set at 2.59 m/s, which can fill the mold within 15 s. After the molten steel inside the mold arrived to the working level, the filling velocity at the inlet was decreased to 0.73 m/s to keep the mass balance inside the mold under the casting speed of 0.6 m/min. The detailed parameters used in the calculation were listed in Table 1 .
Model Validation
In order to visualize the flow pattern and validate the mathematical model, a 0.5-scale water model was established, including tundish, upper tundish nozzle, slide gate, submerged entry nozzle and casting mold, as schematic in Fig. 5 .
The profile of the free surface during the filling process was recorded by a digital camera over the time. The media used in the numerical model was steel. The photos before and after the nozzle immersed in the water were used to validate the numerical simulation qualitatively. Figure 6 shows the comparison between water modeling and numerical simulation. Before the nozzle was submerged in water, the jet impinged on the free surface and caused two sunken pools at each side of the nozzle. After the nozzle was submerged in water, the high speed jet under the surface generated large shear forces and resulted in waves at the surface. The good agreement indicates the accuracy of the mathematical methodology. The current mathematical model, especially the choice of the k-e turbulent two-equation model was further validated by comparing the measured velocity in a water model 12) with calculated results, as shown in Fig. 7 , indicating a well agreement between the measurement and the calculation. 
Filling Process
Cast start includes two steps: the filling process without moving dummy bar, and the casting process with the dummy bar moving. Figure 8 shows the filling process without the movement of the dummy bar. The dummy bar was inserted into the mold approximately 600 mm below the meniscus. During the filling process, the steel impinged on the dummy bar first. The molten steel then flowed outwards on the bottom and was reflected back along the mold wall. The reflected molten steel rose to a certain height and then fell back due to gravity, something like splashing. Figure 9 shows the iso-value of 0.9 air fraction. The iso-value can be used to represent the air phase. Much air was entrained into the molten steel. Under the meniscus, the entrained air was broken into bubbles of various sizes by the molten steel; thus, both large and small bubbles appeared in the molten steel. The fluid flow was not stable until the nozzle outports were submerged into the steel. Figure 10 shows the three-dimensional interface (isovalue of 0.5 steel fraction) between the molten steel and air. The top level of the molten steel was unstable due to the entrained air bubbles and the impingement of the jet. During © 2010 ISIJ this period of instability, inclusions in the molten steel are difficult to remove, and serious reoxidation of the molten steel will occur. Thus, the internal quality of the steel products for this period will be very poor.
Cast Start Process
When the molten steel inside the mold reached a certain level above the upper edge of the submerged entry nozzle outlet (i.e. when it reaches the starting level), the dummy bar began to move with the cast start speed of 0.6 m/min. In the present study, the dummy bar began to move after 15 s of filling with molten steel, averaging 0.6 m steel in the mold. Figure 11 shows the instantaneous flow pattern in the mold and the movement of the dummy bar. After 55 s, the height of the steel in the strand increased to 1.2 m, 0.6 m longer than that before the dummy bar began to move. This increase indicates that the dummy bar was fully dragged out of the mold since the working length of the mold is 0.8 m. During this process, gas bubbles floated out from the top surface, and the top surface level of the molten steel became stable. Figure 12 illustrates the three-dimensional results of cast start. The velocity inside the mold was very large at the initial stage of cast start. The flow pattern became uniform with the continuously moving of the dummy bar. The recirculation flow appeared at the lower position of the mold, indicating the fluid flow inside the mold region was more and more stable. 
Conclusions
This work investigated the transient fluid flow phenomena at the cast start of the continuous casting process. A three-dimensional model was developed with the algorithm of volume of fluid to track the free surface of molten steel during casting. The method of dynamic mesh was successfully applied to study the continuous moving dummy bar at the mold bottom. The following conclusions can be derived:
(1) As a primary numerical simulation study in this area, the complicated fluid flow phenomena during the cast start was explored.
(2) In the cast start period, many bubbles of different sizes were entrained in the molten steel, and inclusions were difficult to remove. As a result, the steel product at © 2010 ISIJ 
